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LIST OF TERMS AND ABBREVIATIONS
ai active ingredient
cm centimeter, 1 cm » 0.394 inches
g/min gram per minute
kg/ha kilogram per hectare, 1 kg/ha = 0.892 pounds per
acre
km/hr kilometer per hour, 1 km/hr « 0.621 miles per hour
kPa kilo Pascal, 276 kFa « 40 pounds per square inch
1/ha liter per hectare, 1 1/ha » 0.107 gallons per acre
vashoff water refers to the water that has passed over and
through the crop residue
INTRODUCTION
In recent years concern about and study of nonpolnt sources of pollu
tants has Increased. Section 208 of the Water Pollution Control Act of
1972 specifies that nonpolnt pollution problems be studied along with
alternative management practices, and that action be taken to reduce the
Impact of pollutants from nonpoint sources on water quality. These pollu
tants include sediment, plant nutrients and various agricultural chemicals.
One method of reducing soil and water loss from cropland, along with
the nutrients and chemicals often carried with them, is to employ a form of
conservation tillage. Conservation tillage, which has many variations and
assumes many names, provides that a portion of the crop residue is left on
the field from one growing season to the next. The residue significantly
reduces rainfall runoff and soil erosion and increases infiltration and soil
moisture on most soils. Due to reduced field tillage (no-till and Buffalo-
till are two forms of conservation tillage which involve no preplant
tillage) the use of herbicides takes on an added importance in the control
of weeds.
The interaction of herbicides with surface crop residue is important
when using conservation tillage practices, because as much as sixty percent
or more of the surface can be covered with residue. Normally herbicides
are applied as water solutions or suspensions and sprayed on the whole
field surface (i.e., broadcast spraying). With crop residue on the
surface a portion of the herbicides will be intercepted by the residue; the
higher the rate of residue coverage the greater the interception. While
there has been much study on the interaction of herbicides and soil in
relation to such phenomena as absorption, runoff, volatilization and weed
control, there is very little information available pertaining to
herbicide-crop residue interactions, particularly with respect to washoff
with raln«
OBJECTIVES
Many objectives were considered pertaining to the herbicide-crop
residue interaction. Some of the variables considered, but not pursued,
included type of crop residue used (corn, soybean^ sorghum, etc.), type
of conservation tillage used that resulted in the crop residue, degree of
chopping of the residue, and state of decomposition of crop residue. Two
variables that were used, amount of herbicide applied and rainfall
intensity, were considered at two levels; more would have been desirable.
While all the objectives and variables mentioned would have yielded
additional information, the objectives were selected to obtain the most
information possible within the constraints of the available resources.
These objectives were:
A. To study the washoff loss of herbicides from crop residue as a
function of:
1. Amount of rainfall applied (time)
2. Kate of herbicide application
3. Herbicide used
4. Intensity of simulated rainfall
B. To construct a budget for the herbicide applied so that more
accurate pesticide transport modeling may be possible and to make
more definitive data available in relation to economic and
efficient use of herbicides with conservation tillage practices.
LITERATURE REVIEW
Conservation Tillage
In conservation tillage, which has many variations, part of the crop
residue or a killed sod is left on the soil from one growing season
through the next* With conventional tillage the residues are plowed under,
incorporating them into the soil.
Runoff and erosion
Crop residue is helpful in reducing runoff and erosion. "The protec
tive action of surface cover by intercepting and absorbing raindrop impact
prevents surface sealing and preserves the immediate soil surface" (Adams,
1966). Surface mulch can also reduce the runoff velocity. On slopes
averaging 15%, 0.56 metric tons per hectare straw mulch reduced runoff
velocity by 50% (Meyer e^ al., 1970) and the decrease in velocity due to
mulching accounted for much of the decrease in soil erosion.
As early as 1941 Duley and Russel reported that residues on row-crop
land considerably reduced the loss of water by runoff and the loss of soil
by erosion and stated that residues were especially useful in preventing
erosion from an excessive rainfall event. In 1942 Duley and Russel
reported that plant residues left on the soil surface reduce runoff, and
water and wind erosion as compared to bare or fallow fields.
In Iowa the soil conservancy law provides for protection of agricul
tural productive capacity and the lessening of downstream sediment damage
by limiting soil loss to 5 tons/acre per year or less. In the exception
ally wet spring of 1974 it was reported that it wasn't uncommon to find
soil losses of 40«'50 tons per acre with estimates on some unprotected steep
slopes reaching as high as 200 tons per acre In Iowa (Betts, 1974). The
large amount of land plowed In the fall of 1975 coupled with the dry windy
winter caused considerable erosion of unprotected cropland by wind.
Taylor (1964) described a nine-year study that included thirty-
seven periods of intense rainfall and noted significant decreases in runoff
and erosion on steep loess fields in Vfisconsin with the use of corn stover
mulch. Harrold ^ (1970) demonstrated a significant decrease in
erosion from no-tillage corn when compared to conventional practices.
Harrold and Edwards (1972) gave a dramatic example of erosion control
through conservation tillage methods. More than five inches of rain fell
in a period of seven hours on tilled and no-tilled watersheds of respective
slopes of six and twenty-one percent. Although 2.5 inches of runoff
resulted from the steeper no-tillage watershed, the sediment load was only
71 kg/ha compared with 7,200 kg/ha for the clean-tilled contour row field.
In a later paper> Harrold and Edwards (1974) stated that when a no-tillage
system was practiced on one of two watersheds with similar erosion histories»
erosion from the no-tillage corn decreased significantly while the erosion
from the conventionally tilled corn remained high.
In a five year study on sloping silt loam soil in Indiana, Mannerlng
et al. (1966) observed a 24% Increase in infiltration and an average
reduction of 34% in soil loss with minimum tillage as opposed to conven
tional practice. Soil aggregation, organic matter content and porosity
were slightly higher on minimum tillage plots than the conventional plots
after five years of treatment.
Swamy Roa et al. (1960) compared the physical characteristics of soils
cropped with reduced and conventional tillage. Soils with reduced tillage
had a higher infiltration rate, less resistance to penetration, lower soil
bulk density and more large clods (75-lOOmm in size. Six different
tillage practices each on three different soils were evaluated by Laflen
et al. (1975) for the control of soil and water loss. They found that the
rate of erosion decreased as the percentage of soil covered by corn residue
increased for all three soils; runoff decreased on two of the soils as
the residue percentage increased.
Nutrients
Carried with soil and water lost from agricultural land are plant
nutrients, that when on the land provide for crop growth, but when in
lakes and reservoirs can accelerate the process of eutrophication
(Armstrong and Rohllch, 1970), The most important of these nutrients, In
most cases, are phosphorus and nitrogen. Phosphorus, organic nitrogen,
and ammonium nitrogen are highly adsorbed by soils while nitrate nitrogen
is quite soluble (Stewart, 1975). By decreasing erosion and runoff from
agricultural lands it would be expected that losses of these nutrients
could be decreased.
Thomas ^ al. (1968) found a linear relation between the amount of
erosion and nutrient loss. They found insignificant amounts of phosphorus,
calcium and potassium to be lost in the runoff water. In the study of
several tillage systems Romkens et (1973) found that coulter and
chisel tillage systems controlled soil loss, but the runoff water contained
high levels of soluble nitrogen and phosphorus from the surface-applied
fertilizer. Disk and till-plant systems were less effective in controlling
soil erosion, but had lower concentrations of soluble nitrogen and
phosphorus in the runoff water. Conventional tillage, in which the
fertilizers had "been plowed under, had the highest losses of soil and water
but had small losses of soluble nitrogen and phosphorus. A large percentage
of the total nutrients removed by runoff were in the sediment fraction
from all treatments. Barisas ^ (1976) found similar results. The
higher concentrations of soluble nutrients noted by Barisas al» were
attributed to leachates from the residue and loss of unincorporated
fertilizers. They noted, however, that by controlling erosion the total
nutrient loss was decreased with conservation tillage practices. The loss
of nutrients in soluble form was only about 1% of that applied and, while
not particularly troubling to farmers, it was noted that this was enough
(according to Holt e^ al., 1973) to provide for nuisance growth of algae in
impounded water. Moschler et al. (1972) reported that "fertilizer
efficiency for no-tillage corn with surface application was higher than
that for conventionally tilled com with a disked-in application."
Pesticides
The potential dangers to human health from low level pesticide
exposure over time are discussed by Mrak (1969) and Nicholson (1969).
Besides the toxic properties exhibited by these agricultural chemicals,
carcinogenic, mutagenic and teratogenic effects are possible. Danger to
environmental health, a topic of concern in the use of pesticides, is also
discussed by Mrak (1969) and Nicholson (1969). These hazards include
the concentrating of pesticides observed in biological systems (especially
those chemicals, such as the chlorinated hydrocarbons, that do not readily
degrade in the environment), selective pressures on nontarget organisms
8that can lead to a reduction In biological diversity, possible Increases
In pest species and decreases In nontarget beneficial species either
directly or through the loss of species that they are dependent on (Mrak,
1969).
Major pathways of pesticide loss from the land include volatilization,
and loss in soil and water in runoff, "Clearly a reduction in runoff or
erosion will also reduce loss of applied pesticides, and practices that
control runoff and erosion should always be considered in pesticide
pollution control" (Stewart, 1975). Nicholson (1969) notes the close
affinity of some pesticides for soil particles and the possibility
of the buildup of pesticides in the bottom sediments of lakes. The
formation of a reservoir of pesticide residues and its effect on the
benthos of a lake are discussed by Mrak (1969).
Hall (197A) found that for atrazine and methoxy-^-triazine (GS14254)
concentrations were higher in the sediment but more total chemical was
lost in the runoff water. Over eight times more atrazine was lost in
runoff water than in sediment for the 2,2 kg/ha rate and over four times
the sediment amount at the 4.5 kg/ha rate. More GS14254 was lost in
sediment than atrazine because of its higher affinity for soil. Hall
observed that soil and water loss from sloping cropland was probably of
more importance environmentally than losses of ^-triazine herbicides.
Stewart (1975) stated that unless
"heavy rainfall occurs shortly after treatment, concen
trations are very low and the total amount of pesticide
that runs off the land during the crop year is less,
often much less, than 5% of the application."
Hall C1974) adds that
"it is likely that the initial incident rainfall
following application moves the majority of the
herbicide into the soil. This effect along with
the chemical, biological and non'-biological
mechanisms of degradation in the soil and crop
account for the small losses of herbicide downslope."
Baker et -al. C1976) applying simulated rainfall shortly after applica
tion of pesticides found sediment to have between four and nine times the
concentration of the herbicides alachlor and cyanazine as runoff water.
Although the concentrations of the chemicals were higher in the sediment,
the total loss for these chemicals was less in the soil than in the runoff
water because of the large amount of water lost. One of the more inter
esting findings of the study was the positive correlation of herbicide
concentrations with increasing percentages of residue cover. Due to this
trend, the decrease in herbicide losses associated with decreased erosion
and runoff for greater residue coverage was offset by the increased concen
trations of the herbicides with increasing residue cover.
For most herbicides the main medium of transport is water.
Although concentrations are higher in the sediment, the greater amount of
total water loss more than offsets this concentration factor (Baker et al.,
1976). Hall et a^. C1972) noted increasing concentrations and amounts of
atrazine in runoff water as the rate of herbicide application increased.
They also noted that water, by far, carried more of the herbicide than
did the sed^tment.
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Interaction of Pesticides with Soil
Many researchers have studied the interactions of pesticides with the
soli. Most pesticides are adsorbed by soils to some extent (toak, 1969;
Hall , 1972; Hall, 1974; Baker et al., 1975). This adsorption can
reduce the effectiveness of the pesticide against the target organisms
(Upchurch, 1966). Upchurch (1969) lists phytotoxlcity, inicroblal action,
volatility, uptake by plants, photodecompositlon and lateral movement as
some of the factors affected by adsorption of herbicides to soil. He also
states
"Herbicide sorptlon regulates the degree to which
chemicals will move as vapors or how much they will
leach under the Impact of incident water."
Organic matter
The organic matter portion of soils has been found to be quite
important In the adsorption process of soils (Weber et al., 1969; Stevenson,
1972; O'Connor and Anderson, 1974). 0*Connor and Anderson (1974) found
that "organic matter was an Important contributor to 2,4,5-T adsorption,
and in some soils, was the only adsorbent of significance." Grover (1971)
found that soil adsorption values were correlated only with soil organic
matter. Stevenson (1972) documented the adsorptlve nature of organic
matter in soils for organic herbicides and found the humlc portion of the
soil organic matter to be of more importance in adsorption and chemical
Interaction with the herbicides than the nonhumlc organic matter
(unaltered plant and animal remains). Walker and Crawford (1968) found
that both the type of material and the extent of decomposition were
Important factors in the adsorption of four s-'triazlne herbicides. The
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bonding mechanisms tn herbicide-soil organic matter interactions include
ion exchange, protonation, H«bonding, van der Waals' forces, and
coordination through an attached metal Ion (Stevenson, 1972).
Interaction of Herbicides and Residue
Conservation tillage practices have been associated with increases
in soil organic matter (Mannering et al.» 1966) and since soil organic
matter is so important in the adsorption of organic pesticides, the
Interaction of herbicides and the tillage method is of considerable
importance. Although much study has been done on the behavior of pesticides
in the soil, there is little information available on herbicide-plant
residue interactions. The Importance of obtaining such information is
evident from the large increases In herbicide usage and conservation tillage
acreage in recent years.
Erbach and Lovely (1975) studied the Interaction of the herbicides
alachlor and atrazlne with plant residue on the control of weeds. For
recommended rates of application, good weed control was achieved; for lower
application rates It was found that there was a decrease in weed control
for Increased residue cover.
Walker and Crawford (1968) found that undecayed plant material had
little effect on the adsorption of trlazlne herbicides, and Grover (1971)
found no adsorption of plcloram by wheat straw or cellulose powder.
Rltter et al. (1974) found a marked difference In Initial soil profile
concentrations of propachlor and atrazlne on ridged and surface contoured
watersheds although application rates were intended to be the same. They
concluded that the trash on the ridged watersheds accounted for most of
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the difference in the Initial concentration of atrazine and propachlor
on the two tillage systems.
They also concluded that ridge planting of corn reduces pesticide
losses in the water and sediment when compared to surfaceT^contoured
planting.
Because of decreases in soil and water loss associated with conserva
tion tillage practices and the fact that these are two of the major pathways
of herbicide losses from the field, the EPA-Agricultural Research Service
joint report (Stewart, 1975) stated; "Clearly a reduction in runoff or
erosion will also reduce loss of pesticides,,(p, 85). The effect of
tillage systems on runoff losses of pesticides was studied by Baker et al,
(1976). They, however, found increasing concentrations of the herbicides
alachlor and cyanazine associated with increases in residue cover. These
Increases in concentration offset the expected decreases in loss associated
with the reduction in soil and water loss with increasing residue cover for
simulated rain applied shortly after application of pesticides.
The need to find the role of the unconsolidated residue in movement
of herbicides is the impetus behind the author's research project.
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MATERIALS AND METHODS
Approach to the Problem
A laboratory study was chosen in preference to a field study because
of the limited amount of information available on washoff characteristics
of herbicides from crop residue, and because of the lack of control of
variables associated with field studies. In the laboratory there is better
control of such variables as wind, temperature, solar radiation, applica
tion irregularities, volatilization, and degradation, all of which are
known to have significant effects on the movement and fate of pesticides in
the field, but which were secondary to variables of the study (i.e., rain
fall amount and intensity, and type and rate of herbicide applied).
After the laboratory study was decided upon, a flexible and easily
replicable experimental design was developed to give the best information
possible within the constraints of available equipment and time. Herbicides
with a range of solubilities were applied to crop residue at rates suitable
for most Iowa soils. Simulated rainfall at intensities of two and three
centimeters per hour was applied on the residue by spray nozzles situated
above the residue.
The experiment, consisting of herbicide application to corn residue
followed by siimilated rainfall, was run twice; Run I on December 9-10,
1975, and Run II on May 27-28, 1976. Twelve consecutive washoff samples
were collected from each of the eight trays for each run. The equipment
and experimental design were basically the same for both runs. Differences
in the runs included the chemicals used (cyanazine and alachlor In the
first run and propachlor, atrazine, and alachlor in the second run), time
lA
between the experimental run and the extraction of the pesticides from the
corn residue (four months for Run I; six to seven days for Run II),
concentration of chemical applied (0.280 g/1 in Run I; 2.56 g/1 in Run II),
and cart speed during herbicide application (0.32 km/hr for Run I; 2.9
km/hr for Run II). Also in Run I the cart was stopped longer Cout of the
rain) for removal of samples than in Run II,
Chemicals and Standards
Herbicides
The herbicides used^ their solubilities, vapor pressures, and formula
tions used are given in Table 1.
Table 1, Vapor pressure, water solubility, and formulations of herbicides*
Herbicide
Cyanazine
Alachlor
Propachlor
Atrazine
Vapor pressure
mm Hg at 25°C
-9
4.0 X 10
-5
2.2 X 10
-4
2.3 X 10
-7
6.4 X 10
Water solubility
mg/1
171 at 20''C
242 at 25"C
580 at 20"C
33 at 27"C
Herbicide
formulation
wettable powder
43% emulsifiable
concentrate
(0.48 kg/1)
65% wettable powder
80% wettable powder
^apor pressure and solubility data from Weed Science Society of
America (1974).
Three -main criteria were used for the selection of the herbicides,
n^ely, (1) each of the chemicals should be extensively used in the midwest,
(2) the chemicals had to be readily analyzed by gas chromatography, and (3)
the water solubility of the chemicals should cover a wide range.
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The chemicals used were:
Cyanazlne (2-(4-chloro-6-ethylamino-s-trlazin-2-ylamlno)-2-inethyl-
proplonltrlle), 80% wettable powder (Bladex).
Alachlor (2-chloro-2*,6'-diethyl-N-(inethoxymethyl) acetanillde),
43% active emulslflable herbicide (Lasso).
Atrazlne (2-chloro-4-ethylainino-6-lsopropylamlno-s-trlazlne), 80%
wettable powder.
Propachlor (2-chloro-N-isopropylacetanllide), 65% powder (Ramrod).
For Run I the herbicides, cyanazlne and alachlor, were mixed with
water to give a concentration of 280 rag/1 active Ingredient. The resulting
application rates were 0.45 kg/ha for one pass under the nozzles, and 1.8
kg/ha for four passes under the nozzles.
In Run II the herbicides, propachlor, atrazlne and alachlor, were
mixed with water to give a concentration of 2560 mg/1 active Ingredient.
This resulted In application rates of 0.39 kg/ha for one pass under the nozzles
nozzles and 1.9 kg/ha for four passes. Reasons why this ratio Is not 4.0
are discussed In the "application rate and distribution section."
Standards and standard dilutions
The alachlor standard was obtained from Monsanto Corp., St. Louis,
Mo. It was assayed at 99.9% by weight.
The cyanazlne standard was assayed at 99.0% by weight from Shell
Chemical Co., a division of Shell Oil Co., Agricultural Division, San Ramon,
Calif.
The atrazlne standard, obtained from Ciba-Giegy Corp., was assayed
at 99+% by weight.
The propachlor standard was obtained from Monsanto Corp., St. Louis,
Mo. It was assayed at 99+% by weight.
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All standards were dissolved In nanograde quality benzene. For Run I
alachlor and cyanazlne were dissolved to give an initial concentration of
418 mg/1. From this solution standard stocks of 16 and 11.3 mg/l were
prepared. These in turn were diluted In series by a factor of two down to
0.0623 and 0,0430 mg/l, respectively.
For Run II propachlor, atrazlne and alachlor were dissolved in
benzene to give initial concentrations of 466, 465, and 464 mg/l, respec
tively. From this solution two standard stocks of 16.0 and 11.3 mg/l
were prepared. These in turn were diluted in series by a factor of two to
0.130 and 0.175 mg/l, respectively. The series dilutions provided two
standards for each doubling in concentration. The large number of
dilutions was necessary because of the nonllnearlty of our electron capture
gas chromatography detector (Zwelg, 1972).
Cart and Trays
A set of eight experimental trays was set onto a variable speed, rail
mounted cart to carry the residue. The cart was passed beneath stationary
nozzles set 50 cm above the trays to apply herbicide and later simulated
rainfall (Figure 1). The cart was equipped with an automatic reverse
mechanism so that after a complete pass under the nozzles it would
immediately begin another pass in the opposite direction. Each tray
consisted of a removable brass screen with a mesh size of 1.25 cm placed
over a large copper funnel designed to catch any water passing through the
screen. The copper funnel below the screen had an opening at its lowest
point from which water was directed to a smaller glass funnel, through
glass tubing and then into receiving flasks located at a lower level on the
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cart. A small rubber joint was required in the glass tubing to direct the
water to the receiving flasks. Except for the one to two centimeters of
rubber tubing, all the materials used were selected to be relatively inert
to the chemicals being studied.
Residue Setup
Residue for the first run was collected in early April, 1975. Cloth
bags were filled with corn residue that had been cut and stacked by a John
Deere Stack Maker the previous fall. After the residue was collected, it
was stored in an unheated shed until chemicals were applied December 9,
1975.
For the second run residue was cut and stacked with a Farm Hand Stack
Hand in the fall of 1975,
The stack residue, which contained all parts of the corn plant, such
as leaves, stalks, and husks had not undergone much decomposition and was
not as dirty as field residue. Stack residue was therefore chosen for the
experimental runs.
The residue was placed on the brass screens to give nearly total
coverage of the screen at a depth of no more than four centimeters. Each
tray was weighed and photographed to provide a record of the coverage.
An attempt was made to get as nearly 100% coverage as possible.
Herbicide Application
Run 1
The herbicides, alachlor and cyanazine, were mixed with water to give
a concentration of 280 mg/l active ingredient. Concentrations of the
Figure 1, Side view of cart and nozzle placement
Figure 2, Herbicide treatments for I
Figure 3, Herbicide treatments for Run II
II
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herbicide solution applied to the corn residue, as determined by gas
chromatography, were 224 mg/l and 242 mg/l, respectively, for the chemicals
alachlor and cyanazine. The discrepancy between these figures and the
intended 280 mg/l is unexplained.
One pass under the Teejet y/8001 nozzles at 276 kPa pressure applied
0.45 kg/ha in 2,000 1/ha of water; four passes under the nozzles applied
1.80 kg/ha of the chemicals in 8,000 1/ha of water. Because of the slow
cart speed (0.32 km/hr) the amount of water used was more than would be used
under normal field conditions where speeds would be upwards of 5 km/hr.
Figure 2 illustrates the manner in which the trays were numbered
(A-H), and the treatments (low and high) applied to each of the trays in
the first run. The treatments for the various trays were selected randomly,
and included high and low herbicide application to the corn residue (three
replicas each), and high and low application rates to filter paper (one
replicate for each application rate). The trays covered with filter paper
were used to estimate the application rate of the herbicides.
Tray A was covered with filter paper which was divided into halves and
the long dimension placed perpendicular to the movement of the cart. One
of these halves was further subdivided into five sections cut parallel to
the direction of cart movement so that distribution of herbicide applica
tion could be measured. Tray A received one pass under the nozzle for
herbicide application. Tray H, also covered with filter paper, was divided
into halves perpendicular to the movement of the cart. It received four
passes under the nozzles for the higher application rate of 1.8 kg/ha.
Half of each filter paper sheet on A and H was left on the trays over
night to get an indication of the magnitude of volitalizatlon of the
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chemicals between the time of application and simulated rainfall 12 to lA
hours later. The other half of H and the five subdivisions of A were put
into separate stoppered flasks immediately after herbicide application and
stored at about 4*^0 until analyzed.
Run II
The herbicides, propachlor, atrazine, and alachlor were mixed with
water to obtain a concentration of 2560 mg/1 active ingredient. Concentra
tions of the mixture, as measured by gas chromatography were 2045 mg/1 for
propachlor, 2190 mg/1 for atrazine, and 2103 mg/1 for alachlor. One pass
under the Teejet #8001 nozzles spaced two per 76 cm row at 276 kPa
pressure resulted in an application rate of 0,39 kg/ha of the chemicals
being applied in 220 1/ha of water. In Run II the cart speed was 2.9 km/hr
compared to 0.32 km/hr in Run 1. This increased speed resulted in
proportionately higher herbicide concentrations and required lesser amounts
of water to apply the same amount of herbicide. There was some difficulty
with maintaining a constant nozzle pressure of 276 kPa.
Figure 3 illustrates the treatments each tray received in the second
run. Of the replicates analyzed, B and C received the high application
rate Cl*9 kg/ha) on the residue and G and H received the low application
rate C0*39 kg/ha) on the residue. Tray E, covered with filter paper,
received the lower application rate and was treated in the same manner as
was tray A in Run I, Tray D received the higher application rate on
filter paper and was treated in the same way as tray H. in Run I,
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Preparation and Cleanup
All glassware used in Run I was cleaned with water, rinsed repeatedly
with acetone, and then heated to 150°C for twenty^-four hours. Treatment
of glassware In the second run was the same, except that it was heated at
a lower temperature of lOO^C for about one week.
After application of the pesticides, each, of the copper funnels was
washed with water and repeated rinsings of acetone. The pump and nozzle
apparatus was flushed repeatedly with water and then flushed with a water-
acetone solution.
Rainfall Simulation
The problem of accurately simulating rainfall is a very difficult one.
Parameters such as drop size^ drop size distribution, velocity and
Intensity are usually considered. In the experiment performed a rainfall
of constant intensity and uniform spacial distribution was desired and
obtained; however, no attempt was made to control drop size and energy.
The constraints of available equipment and the experimental design dictated
the system used. Stationary nozzles mounted above the cart sprayed an
even distribution of water at a constant intensity as the cart traversed
back and forth beneath them.
Four nozzles, two on each of two crossbars, spaced at quarter points
across the width of the trays were used to apply the simulated rainfall
(Figures 1 and 2), The setup also Included a pump, pressure valve, and a
bypass. Water was pumped from a large clean metal barrel through rubber
hoses to the nozzles. The pressure was regulated by a pressure valve;
much of the water was bypassed back to the barrel. The nozzles were set
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50 cm from the tray surface, or 45 to 47 cm from the surface of the
residue.
For Run I on December 10, 1975 four Teejet #8001 nozzles at 276 kPa
pressure were used for the water application. The rated output for this
setup was 404 g/min for each nozzle. Tests just prior to use indicated
outputs of between 400 and 410 g/min.
For Run II the four rainfall nozzles were //FS 4.5, 73^ nozzles rated
at 602, 603, 605, and 606 g/min at 276 kPa pressure. Tests just prior to
rainfall simulation gave output rates of 599, 608, 609, and 618 (average •
608.5) g/min for the four nozzles.
For both runs, after a certain number of passes under the nozzles, the
cart was stopped and the water samples (washoff samples) were taken and
weighed. After weighing, an aliquot of each sample was taken for later
analysis. In Run I the weighing of the water saiiq)le8 and the taking of
aliquots took about three to five minutes. In Run II it took only about
thirty seconds to one minute because an additional set of sampling flasks
was obtained. While one set was being processed the other set was used
to obtain the next saii^le. In both runs twelve consecutive sanqples were
taken. For Run I the first set of the six samples weighed about 150-160 g;
the second 250-260 g, the third and fourth 520-570 g, and the remaining
eight about 1000 g each. The area of each tray was about 2244 cm so that
one centimeter of rainfall is represented by 2244 g.
In Run II the first set of the twelve consecutive samples weighed
165-200 g, the second 175-208 g, third 480-600 g and the fourth 410-720
g. The fifth sample was estimated (because of weighing difficulties) to be
about 1000 g; the sixth sample weighed about 720 g, the seventh about 950 g,
the eighth through eleventh about 750 g and the twelfth about 850 g.
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Overall rainfall Intensities were estimated to be approximately two
and three centimeters per hour for Runs I and II, respectively. The
aliquots for each run were stored at 4°C until removed from the cooler for
extraction with benzene.
Extraction
Washoff water
A measured portion of the washoff water and a measured amount of
benzene were mixed for 60 minutes on a Lab Line Jr. Orbit Shaker. After a
period of settling (momentarily to overnight) to allow the water phase and
the benzene phase to separate, the benzene«*herbicide solution was decanted
off the water phase into small vials used with the gas chromatograph
autosampler. These samples were then stored in a freezer at -18 C until
analyzed on the gas chromatograph.
Corn residue
A major procedural difference between Runs I and IT was the time
between simulated rainfall and extraction of chemicals from the corn
residue. The relative Importance of the herbicide remaining in the corn
residue, and the possible losses of it with time were not fully appreciated
in Run I, This error in procedure was corrected In Run II.
The corn residue in Run I was put into plastic bags after air drying
from the simulated rainfall and stored for four months (December-^arch) in
an unheated shed. This residue was then chopped into small pieces of less
than 0.5 g, thoroughly mixed, and a measured portion of it put into flasks
and extracted with benzene. This mixture was put on the Lab Line shaker
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for 60 minutes and the benzene-herbicide solution then decanted Into the
autosampler vials for analysis on the gas chromatograph.
For Run II the corn residue^ after a five day period of air drying,
was shredded in a Wiley Mill, thoroughly mixed, and a measured portion of
It extracted vith benzene on the Lab Line shaker for 60 minutes. Then the
benzene-herbicide solution was decanted into the autosampler vials for
analysis on the gas chromatograph.
Gas Chromatography
£ Q
The gas chromatograph used was a Tracor 220 Microtek with a Ni
electron capture detector. The column was composed of 3% OV-1 on
Chromosorb-W. The electron capture type of gas chromatograph is a "highly
sensitive detector equipped to monitor the decrease in cell current which
occurs when electronegative species absorb slow electrons produced as a
result of the lonlzation of the carrier gas by a radioactive source..."
(Zweig, 1972).
J?or Run I temperatures for the column, inlet and the detector were
193, 255, and 270 C, respectively. There were two peaks associated with
cyanazine, the first having a retention time of 1.8 minutes and the second
2.9 minutes. The first peak was thought to be an artifact and was noted
but not used for estimating concentrations of the samples. Alachlor was
retained for approximately 3.0 minutes. The solvent, benzene, had a
retention tljne of about 15 seconds. Nitrogen carrier gas flow rate was
120 ml per minute.
Before analysis of Run II samples, the 3% OV'-l on Chromosorb-W column
was taken out of the gas chromatograph and approximately 3.5 cm of packing
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from inlet and detector ends of the column, as well as the fiber glass
packing were removed. This cleaning of the column increased the sensi
tivity of the gas chromatograph at the lower chemical levels.
For Run II there was a peak for each of the chemicals; propachlor,
atrazine, and alachlor. In addition to these peaks was another peak coming
just before the atrazine peak, In order to separate the atrazine peak from
the extra peak the column temperature was lowered to 183 C. Temperatures
at the inlet and detector for the second run were 255 C. The lower column
temperature in the second run resulted in longer retention times, lower
peak heights, and some decrease in sensitivity. The decrease in sensi
tivity was not limiting to the analysis. The retention times for analysis
of the second run were 19 seconds for the solvent (benzene), 1.50 minutes
for propachlor, 2,05 minutes for the extra peak, 2.25 minutes for atrazine,
and 4.25 minutes for alachlor. The nitrogen carrier gas flow rate was 120
ml per minute.
For both runs an attempt was made to compare each unknown concentration
to a known standard above and below the sample concentration for each
chemical. This procedure was followed except in a few instances when an
unknown concentration was slightly higher or lower than one of the known
concentrations. In all cases the unknown concentrations were determined by
linear extrapolation between two known concentrations. Peak heights and
integrations of areas under the peaks were recorded and used in the linear
regression determinations of the unknown concentrations. The peak heights
proved to be more precise and all reported data were from estimates made by
use of peak heights with peak areas used only as a check. Each standard
and unknown concentration was run at least twice in succession; the average
used to compute the sample concentration.
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RESULTS AND DISCUSSION
To meet the objectives of the study, the general approach used was
(1) to apply a knovm amount of herbicide to corn residue in the laboratory,
(2) to apply a knovm rate of simulated rainfall to the residue, and (3) to
account for the herbicide applied as found in the runoff and the residue.
The study included two experimental runs. An experimental run is defined
to include the application of herbicides to corn residue, simulation of
rainfall on the residue, and subsequent analysis of chemical concentrations
in the residue and washoff water by gas chromatography. Four different
herbicides, cyanazine, alachlor, propachlor, and atrazlne were applied to
the residue at two different levels (approximately 0.4 and 1.8 kg/ha).
Alachlor application was common to both runs. Herbicide concentrations in
the following were determined; (1) the water that passed over and through
the com residue (referred to washoff water from this point), (2) the
com residue Itself at the completion of the experiment, (3) filter paper
set under the residue to measure the amount of herbicide passing through
the residue at application, and (4) filter paper sheets on empty control
trays to measure the amount of herbicide being applied to the trays.
In both runs (for both application rates) the greatest share of each
herbicide was found in the washoff water. These amounts are tabulated in
Tables 2 and 3 for the first and second runs, respectively.
Concentrations of the twelve consecutive washoff samples for each
tray were determined and multiplied by the respective water volumes* These
were then sunmed to give the total amount of milligrams lost in the
washoff. In Run I there were three replicates of each treatment, in Run II
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Table 2. Herbicide budget for Run
Tray B Tray D Tray F
Ala Cya Ala Cya Ala Cya
Applied mg 9,96 10.36 9,96 10.36 9,96 10.36
(kg/ha) (0.44) (0.46) (0.44) (0.46) (0.44) (0.46)
Washed off with 8.55 7.81 8.41 8.01 8.34 6.87
water mg 85.9% 75.4% 84.5% 77.3% 83.8% 66.2%
Fallthrough at 0,53 0.48 0.49 0.45 0.73 0.69
application mg 5.3% 4.6% 4.9% 4.4% 7.3% 6.7%
Extracted from
b
2.74
_b
2.36
_b 2.55^
residue mg 26.5% 22.8% 24.6%
Total accounted 9.08 11.03 8.90 10.82 9.07 10.11
for mg 91.2% 106.5% 89.4% 104.4% 91.1% 97.5%
Corn residue g 134 147 150
Tray C Tray E Tray G
Ala Cya Ala Cya Ala Cya
Applied mg 39.82 41.45 39.82 41.45 39.82 41.45
(kg/ha) (1.77) (1.85) (1.77) (1.85) (1.77) (1.85)
Washed off with 23.81 29.34 24.74 31.22 23.94 29.22
water mg 59.7% 70.8% 62.1% 75.3% 60.1% 70.5%
Fallthrough at 3.16 3.41 3.69 4.23 2.99 3.11
application mg 7.9% 8.2% 9.3% 10.2% 7.5% 7.5%
Extracted from 1.19 7.58 1.14 9.63 1.17 8.61^
residue mg 3.0% 18.3% 2.9% 23.2% 2.9% 20.8%
Total accounted 28.16 40.33 29.57 45.08 28.09 40.94
for mg 70.7% 97.3% 74.3% 108.7% 70.5% 98.8%
Corn residue g 130 139 139
Ala « alachlor, Cya = cyanazlne. Total washoff water was 4. 2 cm +
0.1 cm. Trays B, D and ? are replicates for the low application rates and
Trays E and G are replicates for the high application rate.
^Less than 0.3 mg (sensitivity decreased because of other extracted
organics).
Q
Average of other replications because of analytical interferences.
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Table 3. Herbicide budget for Run II
Tray G Tray H
Proo Atr Ala Prop Atr Ala
Applied mg 8.89 8,58 8.81 8.89 8,58 8.81
(kg/ha) (0.40) (0.38) (0.39) (0.40) (0.38) (0.39)
Washed off with 6.02 8,00 6.86 5,08 7.12 6.21
water mg 67.77o 93.2% 77.9% 57.1% 83.0% 70.4%
Fallthrough at 0.02 0.09 0,09 0.07 0.11 0.09
application mg 0.2% 1.1% 1.0% 0.8% 1.2% 1.1%
Extracted from
b
1,26 1.20 _b 1.18 0.87
residue mg 14.7% 13.6% 13.8% 9.8%
Total accounted 6.04 9,35 8.15 5.15 8.40 7.98
for mg 68.0% 109.0% 92.5% 58.0% 98.0% 90.5%
Corn residue g 199 190
Tray B Tray C
Prop Atr Ala Prop Atr Ala
Applied mg 43.34 43.31 41.96 43.34 43.31 41.96
(kg/ha) (1.93) (1.93) (1.87) (1.93) (1.93) (1.87)
Washed off with 25.77 27.71 27.73 25.30 27.82 27.14
water mg 59.57o 64.0% 66.1% 58.4% 64.2% 64.7%
Fallthrough at 9.23 0.21 0.21 0.17 0.24 0.18
application mg 0.5% 0.6% 0.5% 0.4% 0.6% 0.4%
Extracted from 0,64 6.10 3.97 0.86 7.68 4.50
residue mg 1.5% 14.1% 9.5% 2.0% 17.7% 10.7%
Total accounted 26.63 34,03 31.91 26.33 35.74 31.82
for mg 61.4% 78.7% 76.1% 60.7% 82.5% 75.8%
Corn residue g 199
•
206
^rop - propachlor^ Atr - atrazine, Ala - alachlor. Total washoff
water waa 3.5 + 0.1 cm. Trays G and H are replicates for the low applica*
tion rate and Trays B and C are replicates for the high application rate.
^Less than 0,3 mg (sensitivity decreased because of other extracted
organics).
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there were two replicates analyzed for each application level. The other
values in Tables 2 and 3 were from extraction and analysis of filter paper
and crop residue samples. The summation of all of the above values gives
the total accounted for.
Water Analysis
The percentage of herbicide available for washoff (total accounted
for minus fallthrough at application) foxand in the first 0.5, 1,0, 2.0
and 3.5 cm of washoff water gives an indication of how rapidly the
herbicides were washed off (Table 4). When speaking of herbicide
available for washoff, losses from the system were subtracted from the
total amount of herbicide applied. By discounting losses from the system,
the amount of herbicide lost to volatilization in the brief period between
herbicide application and rainfall simulation is corrected for. However,
herbicide loss from the residue after rainfall simulation, but before
analysis is not known and cannot be corrected for. The loss of alachlor by
this mechanism in the first run may be important as these residue sauries
were not analyzed until four months after simulation; little alachlor
was recovered from the residue in the first run as opposed to approximately
10% of the alachlor applied in the second run. This loss in the second run
where the com residue had to dry for five days before it could be chopped
and analyzed may or may not be significant. At the end of rainfall
simulation the concentration of propachlor was quite low (0.1 and 0.4 mg/1
for low and high application rates respectively) and it is therefore
probable that little of it was left on the residue. The other chemicals
had concentrations ranging from 0.7 to 1.2 mg/1 at the end of rainfall
simulation.
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Table 4. Effect of rainfall amount and herbicide on percent of herbicide
washed from corn stalk residue
Run I Run II
Cvanazine Alachlor Alachlor Atrazine Propachlor
Applied —
(kg/ha) 0.46 1.85 0.44 1.77 0.39 1.87 0.38 1.93 0.40 1.93
Washoff
water
amount
cm %
0.5 37 34 33 30 50 50 51 40 63 60
1.0 50 49 50 51 62 64 63 54 77 75
2.0 62 64 71 72 75 77 77 68 92 91
3.5 72 74 92 90 86 88 86 81 100 98
herbicide available for washoff excludes fallthrough at application
and amount assumed to be lost through volatilization (is not total applied)
Run ^
7or the first run the greatest share of each chemical applied
(alachlor and cyanazine) for each rate of application (0.45 and 1.8 kg/ha)
was found in the water that washed off of the com residue. Initial
concentrations of cyanazine and alachlor were high; 6.6 and 3.8 mg/1,
respectively, for the 0.45 kg/ha application rate and 19.6 and 9.2 kg/ha
for the 1.8 kg/ha application rate. Concentrations decreased rapidly with
time (Figures 4 and 5). From the average of the three replicas, of the
total amount applied, 85% of the alachlor and 73% of the cyanazine were lost
in washoff water for the 0.45 kg/ha application rate, while 60% and 71% of
the respective chemicals were lost at the higher 1.8 kg/ha application rate.
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Run
low rate
0.46kg/ha
Tray Bo
Tray D
high rate
1.85 kg/ha
Tray C •
Tray E ^
1 2 3
Washoff water, cm
Pl^re 4. Cyanazine concentration as a function of washoff water. Run I
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Alachlor
Run I
low rate high rate
0.44 kg/ha 1.77kg/ha
Tray Bo Tray C •
Tray D^ Tray E A
Tray F ° Tray G•
^—S)—
1 2 3
Washoff water, cm
Figure 5. Alachlor concentration as a function of washoff water, Run I
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Table 4 lists the percentages of the amount of available chemical that
washed off In given amounts of rainfall. For Run I values are similar
when comparing high and low application rates. With 1.0 cm of washoff
water, 51% of the available alachlor and 50% of the available cyanazine
had washed off.
Run IS
For the second run, as in the first, the greatest amount of each
herbicide accounted for was in the washoff water. As in Run I, initial
concentrations were high, decreasing rapidly with time (Figures 6, 7 and
8). Initial concentrations of propachlor, atrazine and alachlor were
high; 7.7, 10.7 and 8,0 mg/1, respectively, for the 0.40 kg/ha application
rate and 28.7, 34.6 and 29,8 mg/1, respectively, for the higher (1.9
kg/ha) application rate.
For the two replicates analyzed at the 0.39 kg/ha application rate,
averages of 62% of the propachlor, 88% of the atrazine, and 74% of the
alachlor applied were lost in the washoff water. At the higher application
rate for the second run (1.9 kg/ha) averages of 59%, 64%, and 65% of the
respective herbicides were lost in the washoff water for the two replicates
analyzed.
Table 4 lists the percentages of the amount of available chemical
that washed off in given amounts of rainfall for Run II. For Run II values
are similar when comparing high and low application rates. With 1.0 cm of
washoff water, 76% of the available propachlor, 58% of the available
atrazine and 63% of the available alachlor had washed off.
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Run II
low rate
0,39 kg/ha
Tray G •
Tray H d
high rate
1.87 kg/ha
Tray B o
Tray C •
12 3 4
Washoff water, cm
Figure 6. Alachlor concentration as a function of washoff water. Run II
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Figure 7, Atrazlne concentration as a function of washoff water, Run II
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Propachlor
Run II
low rate high rate
0.40 kg/ha 1.93 kg/ha
Tray G • Tray Bo
Tray H n Tray C•
Washoff water, cm
Figure 8, Propachlor concentration as a function of washoff water, Run II
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Runs 1 and II
In the short Interval between the time of their application and
simulated rainfall (twelve to fourteen hours), It was not expected that
significant loss of the herbicides would occur. However, a very distinct
relationship was observed between the percentage of each chemical recovered
(relative to that applied) and the logarithm of the vapor pressure of the
herbicides (Figures 9 and 10). From this evidence it was hypothesized
that much of the pesticide was lost by volatilization in the twelve to
fourteen hours between applications of the herbicides and simulated rain
fall. Significantly more (up to 1.3 kg/ha for cyanazine) herbicide was
found on the filter paper sampled immediately after application than on
that sampled just before simulation (Table 5).
In the first run, when the herbicides were put on with 2,000 1/ha of
water for the lower application rate and 8,000 1/ha for the higher rate,
herbicides may have been lost with excess water draining off the residue.
However, the large amounts of herbicides lost in both runs cannot be
satisfactorily explained in this manner because for the second run only 220
1/ha and 880 1/ha of water were used to apply the low and high herbicide
rates, respectively. A summary of the filter paper data is given in Table
5.
VHien the amounts of herbicides coming off in the washoff water were
compared to the amounts of chemicals applied, no correlation with aqueous
solubility was evident. However, if the total amount of herbicides
recovered was considered to be the total amount available for washoff at
the tine of simulated rainfall, the percentage of the herbicides cyanazine,
alachlor, and propachlor lost in the washoff water increased with the
39 
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solubility of the herbicides in water (Figure 11). Atrazine, however,
appears to be a different case. The solubility of atrazine is 33 ppm at
27 C (Weed Science Society of America, 1974), yet the average initial
concentration of this herbicide coming off in the washoff water was 34,6
ppm indicating that this herbicide was possibly coming off the residue,
not only dissolved in the water, but also in particulate form as well. The
other herbicides did not approach their saturation concentrations. In fact,
atrazine, which has by far the lowest solubility In water of the chemicals
studied, had the highest initial concentrations for both application rates
in Run II.
An analysis of variance for each run was performed (Tables 6 and 7),
The model chosen in each case tested the effects of water level (each of
the twelve consecutive samplings constituted a water level), treatment
level, chemical used, water level by treatment level interaction, chemical
used by water level interaction, chemical used by treatment level inter
action, and the three way interaction of chemical used by water level by
treatment level on the logarithm of chemical concentrations. The logarithm
of the concentrations was used in the model because it describes the
theoretical case of a simple decay curve due to dilution. It also resulted
in a good linear regression model.
The twelve successive water samplings (water levels) of each tray in
each run were divided into eleven degrees of freedom, each weighed
equally. Although not entirely correct, the water levels were thought of
as a time variable and are sometimes referred to as such because of the
similarity and the usefulness of such an approach in analysis of the data.
There were two ch^lcals In Run I (cyanazlne and alachlor) representing
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one degree of freedom, and three chemicals (alachlor, propachlor, and
atrazlne) In the second run representing two degrees of freedom. For
each run there were two application levels for the herbicides (low and
high) representing one degree of freedom. Trays C, E, G, B, D, and F in
Run I and trays B, C, G, and H in Run II represented five and three
degrees of freedom, respectively. Six trays, three replicas of each
chemical at both treatment levels, were analyzed in Run I while only four
trays, two replicas at each treatment level were analyzed for the second
run.
The effect of treatment level was tested by the mean square of trays
within water levels and treatment levels; the remaining effects were
tested by the mean square of the residual.
Analysis of variance for both runs gave highly significant F values
for the mean squares associated with water level. The sums of squares
associated with the water levels in both Runs I and II were, in each case,
by far the greatest portion of the total sums of squares indicating that
the amount of water passing over the residue was by far the most important
single factor influencing the loss of the chemicals from the com residue.
As expected, highly significant differences were also found between the
low and high herbicide levels for both runs, the sums of squares due to
treatment level being relatively high. The washoff characteristics of
cyanazine and alachlor in Run I were found to differ significantly, as
demonstrated graphically in Figure 12.
In Run II, the mean squares due to chemicals (alachlor, propachlor,
and atrazine) was found to be significant. The concentrations of the
chemicals with time were found to be significantly different from one
CT)
22
20
18
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Run I
• Cyanazine 1,85 kg/ha
o Alachlor 1,77kg/ha
Note: each point represents
the average of the three
replicas
2 3
Washoff water, cm
Figure 12. Concentration of cyanazine and alachlor in Run I as a function
of washoff water, higher application rate
A8
another. The difference in washoff characteristics for these three
herbicides is illustrated in Figure 13. The concentrations near the end
of the rainfall are the lowest for the most soluble herbicide (propachlor),
highest for the least soluble herbicide (atrazine), and intermediate for
the herbicide, alachlor. Early concentrations were probably dependent on
additional factors, such as the amount available for washoff and the
physical characteristics of the herbicide formulations.
The water level by application rate interaction was highly significant
for both runs implying that the loss of herbicide with time was affected
by treatment levels.
Water level by herbicide interaction was highly significant indicating
an interaction between the type of herbicide being considered and the water
level (time) at which it was considered.
Treatment level by chemical interaction was also highly significant
for both runs indicating that the washoff characteristics of the herbicides
were partly influenced by how the different herbicides behaved at different
application rates. The three way interaction of water level by treatment
level by chemical was significant in Run 1 and highly significant in
Run 11.
A multiple linear regression model was also tested wherein:
LHCON « natural logarithm of the herbicide concentration; mg/1
W = water level; cm
H = herbicides; 1-cyanazine, 2-alachlor, 3-propachlor,
4-atrazine
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E
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Figure 13.
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Atrazine 34.6
Alachlor 29.7
Propachlor 28.7
Run
Propachlor 1.93 kg/ha
Atrazine 1.93 kg/ha
Alachlor 1.87kg/ha
Note: each point represents the
average of two replicas
Atrazine
Alachlor
Propachlor
Washoff water, cm
Concentration of propachlor, atrazine and alachlor in Run II as
a function of washoff water, higher application rate
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L = treatment level; 1-low, 2-high 
1he model tested was: 
LHCON = B + W + w2 + WL + WH + w2L + if H 
For the first run the regression formula represented by highly significant 
T values was: 
LHCON = 2.010 - 2.135(W) + 0.2567(W2) + 0. 596(WH) - 0.076 (W2H) 
For the second run the highly significant regression coefficients are 
represented in the formul a: 
LHCON = 2.548 - 2.486(W) + 0.3882(W2) 
From the linear regression models it is again evident that the amount of 
water passing through the corn residue is of prime importance in the 
washoff of herbicides. 1he logarithmic nature of the curve gives an 
indication of the r apid loss of chemical from the residue. 
In comparing Run I with Run II, alachlor, the chemical common to both 
runs was studied. There was a higher initial concentration of alachlor in 
the first run than the second for both application levels and a lower 
final concentration in Run I for both the high &nd low rates of application. 
rigu~e 14 shows this trend for the higher application rate . 1he curves 
for the lower application rate are similar. This difference between runs 
could have been influenced by many factors, including the higher rainfall 
rate in the second run, the higher herbicide-to-water ratio in the second 
run and the decrease in time between samplings due to improved procedure. 
1he most important factor related to the d ifferences in the concentrations 
of alachlor in the first and second runs appears to have been the amount 
of water used in applying the herbicide . More than nine times as much 
^ 12
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o Alachlor Run I, 1,77 kg/ha in 8,000 I/ha
water; simulated rainfall at 400g/min/nozzle
(~2cm/hr)
• Alachlor Run 11,1.87 kg/ha in 880 I/ha
water; simulated rainfall at 600g/min/nozzle
(-3cm/h r)
Alachlor Run
(average of two replicas)
Alachlor Run
(average of three replicas)
Washoff water, cm
Figure 14. Comparison of Run I and Run II alachlor concentrations as
functions of washoff water, higher application rate
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water was used in the first run as was used in the second to apply the
same amount of herbicide. This increased water probably allowed the
herbicide to soak into the residue and required more flushing by the
simulated rainfall to wash it out. In the second run very little water was
applied with the herbicides, which resulted in the chemicals being deposited
on the surface of the residue so that the initial rainfall in Run II washed
off more of the herbicides than did the Initial rainfall in Run I, This is
especially evident in the initial concentration for the higher application
rate for atrazine in the second run where a concentration of 34,6 ppm is
higher than the solubility of atrazine (33 ppm). Another factor that may
have enhanced the higher initial chemical loss in the second run was the
greater rainfall intensity in the second run (2 cm/hr for Run I; 3 cm/hr
for Run II),
Com Residue Analysis
After air drying for five days the com residue was removed from the
trays. For the first run the residue was stored for four months at winter
temperatures in an unheated shed before it was chopped up and extracted
with benzene. For the second run the residue was prepared and extracted
within a week after simulation.
In Run X, 3% of the alachlor applied at the higher rate (1.8 kg/ha)
was recovered from the residue (Table 2). At the lower rate (0.45 kg/ha),
a trace of alachlor was detected but interference from other extracted
organic compounds prevented quantification. For the second run 12% of the
alachlor applied at the higher rate (1.9 kg/ha) and 10% of that applied at
the lower rate (0.39 kg/ha) was recovered from the residue.
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Cyanazine recovered from the residue In the first run amounted to 25%
of that applied at the lower rate (0.45 kg/ha) and 21% of that applied at
the higher rate (1.8 kg/ha). Cyanazine volatility is lower than that for
the other herbicides studied and next to atrazine is the least soluble.
Less washoff occurred for lower solubilities Cwith the exception of
atrazine).
Less than 4% of the propachlor applied remained in the residue at the
lower application rate (0.39 kg/ha) and only 1.8% of that applied remained
in the residue at the higher application rate (1.9 kg/ha), Propachlor is
the most volatile of the herbicides studied and the most soluble.
The amounts of atrazine recovered from the corn residue were 14% and
16% of that applied in the second run for the lower (0.39 kg/ha) and
higher rates (1.9 kg/ha), respectively.
The amount of herbicide remaining in the residue appears to be
influenced by Its vapor pressure, and solubility in water. Although most
of the cyanazine was accounted for in the first run the alachlor was not.
In comparing the amounts of alachlor recovered from the residue in the
first and second runs, it is evident that the added storage time of the
residue in the first riin resulted in added loss of the alachlor from the
residue, probably from volatilization or degradation.
Filter Paper Analysis
Fall through at application
yilter paper was laid under each of the traya covered with residue so
that the amount of chamlcal falling through the residue could be measured.
This was labeled as "fall through" at application and was recorded in
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Tables 2 and 3. An attempt was made to cover the brass screens with residue
but there were small areas where the white filter paper showed through
when looking down from above the residue. In the first run an average of
5% of that applied fell through for the 0,45 kg/ha application rate and
for the higher application rate (1.8 kg/ha) an average of 0,8% of that
applied fell through. The second run (only about one-ninth the amount of
water was used as was used in Run I) had a fall through rate of 1% for
the lower application rate (0.39 kg/ha) and 0.5% for the higher application
rate (1.9 kg/ha).
The fall through results are consistent with expected experimental
results. For each application level within each run the percentages of
each herbicide are similar to that expected from equal treatments. In
comparing Runs I and II, the higher loss to fall through in the first run
was due to the larger amounts of water used. Water soaked the residue in
the first run and excess water, carrying herbicides drained through to
the filter paper below. Since the filter paper was removed shortly after
application of herbicide, additional drainage would result in unintercepted
losses. In the second run the corn residue was slightly dampened by the
herbicide preparation. A small amount, however, did fall through the small
area not covered by residue onto the filter paper below.
Application rate and distribution
Filter paper was used to determine the ajoount of herbicide reaching
the trays during application. In each run, one tray for each application
rate was randomly selected and covered with filter paper to measure the
amount of herbicide applied, its distribution, and possible volatilization
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between application and simulated rainfall. Figures 2 and 3 show where
the filter paper was situated and how they were subdivided. By use of the
amount of water delivered per acre for a particular speed for the given
nozzles, herbicide concentrations were set to give 0.56 kg/ha for one pass
under the nozzles and 2.24 kg/ha for four passes. In Run I the relative
values obtained were 0.45 and 1.8 kg/ha; in the second run 0.39 and 1.9
kg/ha were the respective values. Possible causes for finding less chemical
than anticipated include; volatilization either before reaching the trays
or during the few minutes the filter papers were exposed to air before
being stored in stoppered flasks, lower chemical concentrations than those
calculated or a low estimate of the cart speed.
In the second run the ratio of the high to low rate of application is
4.75; instead of the expected ratio of 4.0 found in Run I. Possible causes
for this were difficulty in maintaining nozzle pressure at 276 kPa and
difficulty in maintaining the cart speed at 2.9 km/hr in the second run.
Half of the filter paper sheet used to measure the lower application
rate in each run was subdivided into five equal sections parallel to the
motion of the tray and utilized to measure the distribution pattern of the
applied herbicides (Figures 2 and 3). Ideally, an even 20/£ per section
distribution was desired. For Run I the amount of alachlor recovered across
the tray was 17, 17, 26, 24, and 16%; for the second run the same sequence
for alachlor was 17, 17, 28, 21, and 17%. This distribution was acceptable
in view of nozzle variations and nozzle spacing constraints.
Volatiliz^lon
The filter paper on the control traya for each run at each application
rate was subdivided into two halves. One^^half was placed immediately into
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flasks for later extraction and analysis. The other half of each was left
on the trays for twelve to fourteen hours. The half put into the stoppered
flasks immediately is represented in Tables 2 and 3 as "applied per tray".
In Run I the twelve hour filter paper treatment retained 56% of the
alachlor and 48% of the cyanazine at the 0.45 kg/ha rate, and 32% and 31%
of the respective chemicals at the 1.8 kg/ha application rate. This low
rate of recovery of the herbicides was thought to be an artifact in the
first run. Because of the large amount of application water used in the
first run, some of the herbicides may have been carried off with water
draining from the residue. In the second run, recovery from the filter
paper after twelve hours for the 0.39 kg/ha rate was 35% for the propachlor,
102% for the atrazine and 44% for alachlor. At the higher application
rate (1.9 kg/ha) recovery percentage after twelve hours for the filter
paper was 26% for propachlor, 70% for atrazine, and 25% for alachlor. A
portion of this loss in the second run may be due to the wetting of the
metal screens under the filter paper by the herbicide-water mixture.
However, in observing the filter paper Immediately after herbicide applica
tion, it appeared to be only slightly damp. Volatilization of the chemicals
is a probable explanation for some of the loss of the applied chemicals.
In considering the mass balance (herbicide in washoff water + fall
through at application + herbicide recovered from corn residue) it becomes
clear that much of the herbicide is unaccounted for. Some factor outside
of the mass balance equation given above must be considered. Herbicide
volatilization la a logical factor to add to the above. There is a
2
distinct trend (r « ,93) in the plot of natural logarittua of the vapor
pressure as a function of the total percentage of each herbicide recovered
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at the higher application rate (Figure 9). At the lower application rate
the trend was not as pronounced as at the higher application rate, but it
2
was statistically significant at the 0.1 level of significance (r » .59).
Better data on herbicide volatilization was not obtained in this experiment
because its relative ii!?>ortance over periods of time as short as those
involved in this experiment was not realized as these herbicides were
considered 'nonvolatile*.
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SUMMARY AND CONCLUSIONS
Herbicides applied to com residue were washed off rapidly by simulated
rainfall. Initial herbicide concentrations in washoff water were high (up
to 35 mg/1 for atrazine) decreasing rapidly with time. A large portion of
the herbicides applied was recovered in the washoff water. For the higher
rate of application (about 1.85 kg/ha) these percentages were 58% for
propachlor, 60 and 65% (Run I and II) for alachlor, 64% for atrazine and
72% for cyanazine. With the exception of atrazine, of the herbicide
recovered, the percentage recovered from the washoff water was a function
of the logarithm of the herbicides' solubilities in water. Atrazine, with
the lowest solubility of the herbicides studied, had the highest Initial
concentration* In fact, while none of the other herbicides approached
their saturation concentrations, the initial concentration of atrazine
slightly exceeded saturation leading to the hypothesis that its washoff
mechanism was different from that of the others (perhaps with a larger
portion of the total being washed off in the particulate form as opposed to
the soluble form). Statistical analysis of the washoff concentrations with
time confirmed significant differences in washoff characteristics between;
(1) chemicals used, (2) herbicide application rate, (3) time interval of
saiople and (4) several interactions of these factors.
Of the herbicide available for washoff (total recovered minus fall-
through at application) almost all was found in the first 3.5 cm of wash-
off water. At the higher application rate the respective percentages
recovered in the first 3.5 cm of washoff water were; alachlor 90 and
(Runs I and II), cyanazine 74%, propachlor 98% and atrazine 81%. The
respective values at 1.0 cm were 51 and 64%, 49, 75 and 54%.
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At the higher application rate 25% of the cy^naizlne applied remained
in the residue after simulated rainfall. While less than 5% of the applied
propachlor remained in the residue, 15% of the atrazlne and 10% of the
alachlor remained after 3.5 to 4.3 cm of simulated rainfall.
With high Initial concentrations and the large proportion of herbicide
lost in waahoff water, the fate of herbicides applied to residue under
field conditions is closely tied to that of rainfall from the first storm
following application. If antecedent moisture is low the water-herbicide
solution would be expected to soak into the soil where the herbicide would
be adsorbed by the soil. If, however, antecedent moisture is high, or rain
fall exceeds Infiltration, the potential loss of herbicide from the land
with water running off the plant residue Increases. The study by Baker
et al. (1975) showing Increased concentrations of alachlor and cyanazine
in water with Increasing residue cover when subject to 8.9 cm of rain in 84
minutes (50 year return frequency) two days after herbicide application
supports this assessment.
Prom analysis of the herbicide budgets (Tables 2 and 3) and concentra
tions of herbicides in washoff water at the end of simulated rainfall, it
is evident that much of the herbicide had disappeared In the 12-14 hours
between herbicide application and rainfall simulation. As the herbicides
were considered nonvolatile the magnitude of this loss was unexpected.
Total percentages of herbicides recovered Cof that applied) at the higher
application rate ranged from 60% for propachlor to 100% for cyanazine, with
recoveries of 73 and 80% for alachlor and atrazlne, respectively. The
rest probably was lost by volatilization. The recovery percentages, when
plotted against the natural logarithms of the respective chemical vapor
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pressures shows a distinct trend which is statistically highly significant.
The possibility that AO, 27 and 20% of the applied 1.8 kg/ha of propachlor,
alachlor and atrazine, respectively, had volatilized from the crop residue
in a brief 12-14 hour period raises the possibility that volatilization
of herbicides from crop residue could be environmentally significant
(depending on field size and percent residue cover). Taylor ^ (1977),
in a field study, found that 0.65 kg/ha of dieldrin and 2,50 kg/ha of
heptachlor (of 5.6 kg/ha applied for each) was volatilized from grass
pasture during the first 12 hours after application.
An experiment was run to evaluate the washoff characteristics of
selected herbicides from corn residue. The most significant finding was
that most of the recovered herbicide was recovered in the 3.5 to 4.0 cm of
washoff water, and most of that was recovered in the first centimeter of
washoff water. Much of the unrecovered chemical was believed to have
volatilized between the herbicide application and simulated rainfall
twelve hours later.
There are several improvements possible in the experimental procedure.
These include immediate analysis of corn residue by extraction of the whole
tray of residue, inclusion of additional variables (such as other rainfall
rates, use of corn residue at different stages of decomposition, use of
additional chemicals and additional herbicide application levels), analyzing
herbicide concentrations on the corn residue at various times after appli
cation to get a better indication of volatilization from the residue and
using water counts more near field conditions to apply the herbicides.
Suggestions for further study in this area include a closer look at
herbicide volatilization (especially in reference to relative volatilization
61
rates from soil and crop residue), the ultimate fate of herbicides in the
environment, and washoff characteristics of herbicides in relation to
those additional variables listed in the previous paragraph.
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Table 8. Concentrations of cyanazine and alachlor for Bun I, mg/l, and
corresponding water values, cm^
Trav B Trav D Tray F
Sample Cya Ala Cya Ala Cya Ala
1 6.341 3.612 6.796 3.747 6.573 3.914
2 4.251 2.670 4.521 2.832 3.645 2.507
3 2.585 2.079 2.164 1.991 2.149 2.323
4 1.607 1.622 1.713 1.679 1.410 1.470
5 1.023 1.086 1.015 1,147 0.978 1.136
6 0.626 0.822 0.678 0.882 0.533 0.754
7 0.438 0.761 0.514 0.765 0.390 0.731
8 0.333 0.644 0.415 0.674 0.324 0.620
9 0.268 0.545 0.274 0.374 0.244 0,528
10 0.222 0.446 0.289 0.478 0.201 0.448
11 0.182 0.424 0.219 0.420 0.158 0.404
12 0.116 0.301 0,229 0.290 0,101 0.292
Tray C Trav E Tray G
1 18.659 8.609 19.680 9.150 20.445 9.917
2 14.277 7.457 14.210 8.326 14.592 9.134
3 8.065 6.130 10.173 6.650 8.197 5.839
4 6.764 5.381 7.361 5,654 7.299 5.945
5 4.343 3.343 4.202 3.626 4.771 3.751
6 3.000 2.429 2.898 2.446 2.747 2.488
7 2.023 1.993 2.065 2.035 1.779 2.079
8 1,208 1.749 0.965 1.687 1.338 1.610
9 1.247 1.313 1.296 1.351 1.316 1.324
10 1.109 1.238 1.068 1.271 0.953 1.042
11 0.837 1.057 0.782 0,930 0.773 0.908
12 0.789 1,009 0.674 0.896 0.654 0.876
Corresponding water values
Tray B Tray D Tray F Tray C Tray E Tray G
1 0.073 0.066 0.073 0.069 0.071 0.068
2 0.185 0.180 0.182 0.187 0.186 0.183
3 0.454 0.431 0.435 0.437 0.435 0.435
4 0.696 0.669 0.668 0.680 0.674 0,665
5 1.145 1.113 1.104 1.111 1.116 1.092
6 1.591 1.539 1.555 1.543 1.568 1.533
7 2.049 1.988 2.007 1.983 2.016 1.958
8 2.513 2.434 2.462 2,423 2.467 2.386
9 2.978 2.889 2.923 2.872 2.918 2.819
10 3.425 3.340 3.383 3.316 3.362 3.256
11 3.881 3.793 3.848 3.765 3.814 3.698
12 4.360 4.264 4.328 4.239 4.289 4.153
Application rates for Tray B, D, and F were; Cyanazine = 0,46 kg/ha,
Alachlor = 0.44 kg/.ha. Application rates for Trays C, E, and G were: 1.85
kg/ha Cyanazine, 1»77 kg/ha Alachlor.
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Table 9, Concentrations of propachlor, atrazine, and alachlor for Run II,
mg/1, and corresponding water values, cm
Trav G Trav H
Samule Prop Atr Ala Proo Atr
Ala
1 7.275 10.322 7.484 8.066 11.030 8.554
2 4.320 5.152 4.455 4.643 5.262
4.628
3 2.522 2.773 2.412 1.522 2.094 1,766
4 0.944 1.315 1.163 1.006 1.202 1.078
5 0.651 0.799 0.717 0.379 0.741 0.637
6 0.345 0.607 0.554 0.379 0.529 0.508
7 0.388 0.500 0.417 0.247 0.409 0.362
8 0.199 0.373 0.325 0.164 0.340 0.305
9 0.183 0.321 0.322 0.119 0,211 0.233
10 0.172 0.248 0.262 0.124 0.199 0.228
11 0.118 0.244 0.241 0.102 0.211 0.213
12 0.096 0.195 0.217 0.079 0.135 0,170
Trav B Trav C
1 28.973 34.427 31.421 28.472 34.715 28.004
2 21.524 17.282 20.136 21.535 16.410 19.835
3 11.501 8.834 10.430 10.507 8.364 10.119
4 5.872 5.466 6.274 4.562 4.192 5.277
5 3.726 3.521 3.867 2.689 3,181 3.133
6 2.314 2.777 2.613 2.039 2.559 2.300
7 1.432 2.403 1.866 1.327 1.981 1.670
8 1.096 1.788 1.401 1.149 1.697 1.332
9 0.850 1.632 1.260 0.940 1.687 1.238
10 0.603 1.261 1.000 0.823 1.290 1.001
11 0.471 1.122 0.878 0.497 1.106 0.850
12 0.401 0.935 0.776 0.397 1,221 0.768
Corresponding water values
Trav G Trav H Trav B Trav C
1 0.074 0.077 0.074 0.074
2 0,155 0.165 0.157 0.153
3 0.420 0.378 0.375 0.397
4 0.741 0.697 0.558 0.693
5 1.169 1.132 0.914 1.116
6 1.495 1.452 1.353 1.428
7 1.921 1.890 1.680 1.842
8 2.256 2.238 2.045 2.154
9 2.554 2.553 2.318 2.452
10 2.876 2.883 2.662 2.787
11 3,198 3.119 2.997 3.116
12 3.597 3.596 3.379 3.491
Application rates for Trays G and H = 0.40, 0,38, and 0.39 kg/ha for
propachlor, atrazine and alachlor, respectively. Application rates for
Trays B and C = 1.93, 1.93, and 1.87 kg/ha for propachlor, atrazine and
alachlor, respectively.
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Figure 15, Test run of water application shoving nozzle placement
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Figure 18, Corn residue on tray, side view
figure 19. Com residue on tray, top view
